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Color Device Calibration:
A Mathematical Formulation

Michael J. Vrhel,Member, IEEEand H. Joel TrussellFellow, IEEE

Abstract—The mathematical formulation of calibrating color ~ processing community who wish to present results in the area
image reproduction and recording devices is presented. This of color image processing.

formulation provides a foundation for future research in areas The paper is organized as follows: in Section Il we re-

of characterization of devices and display of color images. The . tati d lor fund tals. In Secti TRY;
importance of calibration is demonstrated by real examples. The view no a ion an C_O or . undamentals. In e? ions 1=V,
procedure outlined in this paper should become standard for We describe the calibration problem for CRT’s, scanners,

displaying color images for the image processing community.  and printers, respectively. In Section VI, we discuss the
Index Terms—Color, color calibration, color imaging, color problem of gamgt mappmg. In.Sect|on Vil, we describe the

reproduction, C0|0rimetry‘ printing‘ Scanning. problem Of |”um|nat|on correction fo”OWed by the problem
of digital camera calibration in Section VIII. Section IX
discusses implementation, Section X presents examples, and
finally conclusions are given in Section XI.

ITH THE advent of low-cost color printers and scan-

ners, there has been increased interest in the image Il. BACKGROUND
processing community to apply and develop techniques for
enhancing, restoring, and reproducing color images [1]. Tl Mathematical Notation

demons_tration of the performance of methods fo_r color imagewe will use a vector space notation for color systems which
processing has presented a problem due to a variety of reasgiiz proven to be well suited for solving difficult problems

These reasons include an inability to control the final printirm color reproduction [2]-[5]. In the vector notation, the
process, misunderstandings with regard to color spaces %&q : ’

I. INTRODUCTION

what RGB really mean nd imoroper or ‘v man istble spectrum is mathematically uniformly sampledMt
att cally means, a Proper or poorly: manag avelengths from about 400 nm to 700 nm [the spectral
scanning to name a few. Problems can be clearly seen_|

) . . " . sensitivity range of the human visual system (HVS)]. An
comparing the various “unprocessed” color images of Leri1| minant spectrumi()\) is represented by aiV element

|n_[1_] (a receqt speC|aI.|ssue on c.ol-or |mag|ng) W.'th the actu@ ctorl and the spectral reflectance of an object is represented
original Lena image. Since the original is not available to mo an N element vectorr
readers, a simulated comparison is shown in Fig. 3, wher he radiant spectrum reflected from the object with spectral

. . . ,Pﬁlectancer under the illuminantl can be expressed as
those shown in [1], and the processed image is (b), Wh'ir whereLL is an N x N diagonal matrix whose diagonal

closely matches the original Lena image. The methods us%%ments are the elements of the vedtoFhe columns of the

to generate this comparison are the basis of this paper. T 3. 3 matrix A contain the sampled CIE XYZ color matching

example demonstrates the need for a standard image, deﬁf‘u%%tions and the CIE XYZ value of the spectrdim is given
in terms of CIE values, with which to demonstrate color imag% t — ATLr
in o )

processing algorithms, in addition to standards for display
and porting processed images.

In this paper, we explore the problems of achieving contr
over the color reproduction process. We describe mathematA? device independent color space defined as any space
ically the process of performing calibrations for scanner}at has a one-to-one mapping onto the CIE XYZ color space.
printers etc. This mathematical formulation and its clear afkevice independent values describe color for the standard CIE
accurate descriptions lay a foundation for future research @Rserver. Examples of CIE device independent color spaces
this area. In addition, we show how to calibrate a scanner aiiglude XYZ, Lab, Luv, and Yxy.

a printer. This is a necessary process for those in the imagdy definition, adevice dependent color spacannot have
a one-to-one mapping onto the CIE XYZ color space. In the

case of a recording device (e.g., scanners, digital cameras),
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the mappings between in-gamut colors (defined in Section #igorithm D is a mapping froms2.;. to G, that isD(t) €
C) and the device dependent values are not one-to-one. Thevt € Q..

CMYK printer can place different ink concentrations on the

paper, giving different reflectance spectra, which look the same Profiles

visually. This effect is defined ametamerism A device profilés defined by the mapping&. vice, £t

H Nt device?
The use of device dependent descriptions of color presea%%dl). These mappings describe the transformation between a

a problem in the world of networ_ked. computers and PriNtTE E color space and the device control values. As mentioned
The same RGB vector can result in different colors on d'ﬁeren}eviously certain devices such as scanners and digital cam-

monitors. Similarly, a specified CMYK value can result "ﬁras need only havé,..... to achieve calibration. In this

differ_ent <_:o|ors on different_printers._ Transferrir_lg imagegase’ the device profile is defined by that single mapping.
colo_nmetncally between_m.ultlplg m_onltors _and printers W'”We International Color Commission (ICC) has suggested
device dependent d_es_cnptlons IS d|ﬁ|cult since the user T“‘é‘s standard format for describing a profile. This standard
!<now the ch.aractgrlstlcs. .Of the dewce_ for wh|ch the orgiN ofile can be based on a physically-based mathematical model
image is defined, in addition to the device on which the ima €ommon for monitors) or a look-up-table (LUT) (common for

is displayed. :
An easier method is to define images in terms of a CI%rInterS and scanners) [7], (8]

color space and then transform this data to device depend
descriptors for the device on which the image is to b
reproduced. The advantage of this approach is that the saméypically a device profile is determined for a particular
image data is easily ported to a variety of devices and thesiewing illumination. The viewing illumination is of impor-

is no need to know the original source of the image. T@nce due to the metamerism effect discussed earlier. The
achieve this ideal situation, it is necessary to determineiraportance of illumination is best illustrated by an example.
function Fe.ice Which will provide a mapping from device Consider a printed image that was created via a web offset
dependent control values to a CIE color space. If the devipeocess. It is desired to print a visual match to this image using
is a colorimetric scanner (defined in Section 1V), thBp..;,.. @ dye sublimation printing process. Let the CIE XYZ value of
is sufficient to provide a calibrated device. In the case ofpixel < in the offset image to be given by

printer, it is necessary to determine a transformatiop... T
(which may or may not exist). Finally, for a monitor, the totser, = A7 Lu (3)
transformationsF . ... andF,.}. _ are both needed since th&yhen the image is under the illuminaht .

monitor is used as both a source of image data (e.9., creatiolk the gye-sub printer is successfully calibrated, then ignor-
of graphics images which are subsequently printed), and a%h@ gamut mismatches (cf. Section VI)
display device for viewing scanned images.

In the end, the performance of such a methodology is only tayesub, = ATL,q; 4)
as good as the relationship of the CIE color space to actual
human visual perception. Experiments are still carried o8fd
studying perceptual differences and observer variability [6].
Note that as improvements to the CIE color space are made,
the mathematics described in this paper will remain valid andNote thatq; need not (and rarely will) equai;. For this

n o
. t]IIumlnatlon

ATL;q; = ATLyr,. (5)

just as useful. reason, the images may no longer match when viewed under
an illumination L, that is different thanL;. As mentioned
C. Device Gamut previously, this effect is defined as metamerism.

Modern printers and display devices are limited in the colors T0 obtain colorimetric matching under multiple illuminants,
they can produce. This limited set of colors is defined as tHe!S necessary to perform calibration on the spectral level
gamutof the device. If2... is the range of numerical values(-€- @i = r:), which is virtually impossible due to the
in the selected CIE color space afl,;.; is the numerical limited freedom in the printing process (i.e. there are typically

range of the device control values, then the set only three or four overlayed colorants). High fidelity printing
processes that use more than four colorants usually use the

G = {t € Quic|3 ¢ € Qprint Where Fuevice(c) =t} (1) additional colorants to increase the size of the gamut rather
than attempting to create spectral matches.
the Instead of determining a profile for every viewing illumi-
nation, it is possible to determine mappings to correct for
G = {t € Quie| A € Qprins where Fuepice(c) =t} (2) changes in illumination. The motivation for doing this is that
these illumination mappings may be simpler and easier to
defines colors outside the device gamut. For colors in tldetermine than the highly nonlinear LUT mappings of the
gamut, there will exist a mapping between the device ddevice profile. This problem will be discussed after addressing
pendent control values and the CIE XYZ color space. Colotise problems of determining device profiles (cf. Section VII).
which are inG¢ cannot be reproduced and must g@mut- For the remainder of the paper, the viewing illuminant will
mappedto a color which is withinG. The gamut mapping be denoted byL,,.

defines the gamut of the color output device. Similarly,
complement set
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Ill. CRTs interest), andz; is the vector of recorded values. Noise can
A monitor is often used to provide softcopy preview for th?e, treated as in [13], but is not central to the presentation of
printing process. In addition, the monitor is now a commoifliS Paper.

source for user generated images. Monitor calibration is almost/V& definecolorimetric scanningas the process of scanning

always based on a physical model of the device [9]-[12]. & recording an image such that the CIE values of the image
typical model is can be recovered from the recorded data. This means that

image reflectances which appear different to a standard ob-
t=H[', ¢, b']" server will be recorded as different device dependent values.
, < =170 Mathematically, this implies
.
Tmax — 70

)
)

ATL,ry # ATL,r; = M1y # My ©)

g Gmax — G0 for all ry,r; € Q. k # j where(, is the set of physically
b—by \7 realizable reflectance spectra. In other words, a colorimetric
V= <b ) (6) scanner would “see” the image just as a standard observer
under illuminantL,,.
where t is the CIE value produced by driving the monitor Given such a scanner, the calibration problem is to de-
with control valued = [r,¢,b]*, and the parametersg.,~,, termine the continuous mapping,... which will transform
V6,70, 90, D0, Tmax; Jmax, Umax, @and H are defined in the the recorded values to a CIE color space. In other words,

max bO

profile. determine the functiorf,.,,, such that
Creating a profile for a monitor involves the determination -
of these parameters Wherg .., gmax, Pmax are the maximum t = A L,r = Fican(2) (10)

: T all r € Q,.
parameters, a series of color patches is displayed on the .

X . . ; . . nfortunately, most scanners and especially desktop scan-
and measured with a colorimeter which will provide pairs of

ners are not colorimetric, hence the transformattn,,, does
CIE values{t; } and control valuegds} & =1,---, M. . T ' N fa
values for ] and be are determined such not exist. This is caused by physical limitations on the scanner
V1 Vg2 1670, 90, 0 \ illuminants and filters which prevent them from being within
that the elements of”, ¢, '] are linear with respect to the

linear transformation of the CIE color matching functions.
elements ofXY Z and scaled between the range [0,1] (ct. o : A . :
(6)) [12]. The matrixH is then determined from the tristim- ork related to designing optimal approximations is found in

ulus values of the CRT phosphors at maximum Iuminanc[el.4]_[l7]' . . . .
. o B For the noncolorimetric scanner, there will exist spectral
Specifically, the mapping is given by

reflectances that look different to the standard human observer

values of the control values (e.g., 255). To determine ?@L

X Xemax XGmax XBmax | |7 but when scanned produce the same recorded values. These
Y| = [ Yamax YQmax YBmax | |V (7) colors are defined as being metameric to the scanner. Likewise,
Z ZRmox  ZGmax LBmax | | there will exist spectral reflectances that give different scan

values and look the same to the standard human observer.

. . -
Where[X g max; Yr max, Zrmax]" 1S the CIE XYZ tristimulus \yhjje the latter can be corrected by the transformatin,.,,
value of the red phosphor for control valde= [r,,.x, 0,0]%. the former cannot.

The green and blue phosphors are similarly defined. In pracq the upside, there will always (except for degenerate

tice, the CIE XYZ values of the phosphors are mapped [Qses) exist a set of reflectance spectra over which a transfor-
account for perceptual effects and a viewing illumination (cfyation from scan values to CIE XYZ values will exist. Printed
Sectlpn IX-B). . ) images, photographs, etc., are all produced with a limited set
This standard model is often used to provide an approXjs colorants. Reflectance spectra from such processes have
mation to the mapping,.onitor(d) = t. Problems such as peen well modeled with very few (3-5) principal component

spa_ttial va}riation of the screen or electron gun dependenqe @tors [3], [18]-[20]. When limited to such data sets, it may
typically ignored. A LUT can also be used for the monitopq possible to determine a transformatigy.,,, such that
profile in a manner similar to that described below for the

scanner calibration. t =ATL,r = Foon(z) (11)

for all r € B,..,. In other words, we are restricting ourselves
to a set of reflectance spectBa.,,, over which the continuous
Mathematically, the recording process of a scanner can ,p@ppingj:scan exists. This idea is also discussed in [21].
expressed as LUT's as well as nonlinear and linear models &t
z; = H(M"r;) 8) have been used to caliprate colqr scanners [22]—[25_]. In all of
these approaches, the first step is to select a collection of color
where the matri¥M contains the spectral sensitivity (includingpatches that span the colors of interest. Ideally, these colors
the scanner illuminant) of the three (or more) bands of tlehould not be metameric in terms of the scanner sensitivities
devicer; is the spectral reflectance at spatial peirit models or to the standard observer under the illuminant for which
any nonlinearities in the scanner (invertible in the range tffe calibration is being produced. This constraint assures a

IV. SCANNERS
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one-to-one mapping between the scan values and the device VI. GAMUT MAPPING
independent values across these samples. In practice, thigg giscussed, color reproduction devices are limited in the

constraint is easily (_)btained. The reflectance spectra of thesg, s that they can reproduce which is defined as the device
M, color patches will be denoted by}, for 1 <k < M. gamut. Gamut mismatch is a problem which occurs when two

These patches are measured using a spectrophotometer §&@ces have different gamuts and it is desired to reproduce
colorimeter which will provide the device independent valueg, image displayed with one device using the other device.

Consider two gamut$7,,.onitor aNd G.ine. It is desired to
{tr = ATLoai} forl<k< My (12) print an image that is displayed onpthe monitor. Assuming
Fmonitor 1S KNnOwn, we can map from the monitor RGB values
to CIE values. Now the problem is to map these CIE values
¥ device dependent values for the printer. The problem is

i i = T . i - . . .
:cn Wh'fh Cfase{té|gxﬁy(ZAt I;F]q’“)} whergtﬁ() IIS the tranSThthat there may be colors which the monitor can display but
ormation from 0 the appropriate color space. e, printer cannot print. As mentioned in Section II-C, the

patche; are also mee%sured with the scanner to be Ca“braﬂ‘ﬁﬂ)pingD is used for this purpose. The printer control value
providing {z; = H(M"qy)} for 1 < k < M,. for the CIE valuet is given by 71 . (D(t)).

: : : o fi 2 - - printer L
M_athematlcally, the calibration problem is: find a transfor: Depending upon the desired effect and the media in use,
mation F,..,, Where

D may or may not be the identity operator on the colors
M, within G,i.¢. The reason for using & that is not the identity
Fovan = arg | min Z 17 (2:) — ]2 (13) operator can b_e iIIust_rated_by an _example in which th_ere are
F smoothly varying regions in the image that are outside the
printer gamut. These colors will be gamut-mapped to the same

and|| - |2 is the error metric in the CIE color space. Othe?c"or on the gamut boundary, which will result in abrupt edges

metrics may be used if desired. In practice, it may be necessihyth® Previously smooth region. To reduce this artifact, a
and desirable to incorporate constraints B..,. Specific Jamut mapping is often used, which compresses all the colors
constraints will be discussed in Section IX-A. in the image to reduce the colorimetric dynamic range in the

image while ensuring that all the colors can be reproduced. For
example, all the colors in the image could be moved toward
V. PRINTERS one point such as a mid-gray, until all the colors in the image
Printer calibration is difficult due to the nonlinearity ofare within the device gamut. Mathematically, this problem can
the printing process, and the wide variety of methods us€§ Posed as
for color printing (e.g., lithography, inkjet, dye sublimation,
etc.). Because of these difficulties, printing devices are often
calibrated with an LUT and interpolation [22], [26]. In othelsych that
words, the continuum of values are found by interpolating )
between points in the LUT. b=t +ad(to—tr) €G

To produce a profile of a printer, a subset of values spannigY% ¢ is th dated tristimul | is the mid
the space of allowable control values for the printer is fir eretk_ls the up _ate ”'S“mP us value, is the mi -gray
color, G is the device gamut{ is the set of color values in

selected. Denote these device dependent valueg;bfor . . ) ; . . e

1 < k < M,. In the printing process, these values productge image, and7_ is a nonlinearity. Unlike a simple clipping

a set of reflectance spectra which are denotedphyfor approac_h in which out-of.-gamut color_s are .mapped to the

1<k < M. closest in-gamut color, this method will retain some of the
D yariation in smoothly varying image regions that are beyond

device gamut. Note that the above operation is image

Without loss of generality{t;} could represent any col-
orimetric or device independent values, e.g. CIELab, CIEL

=1

min |of Vti €1 (16)

The patcheg; are measured using a colorimetric devic
as was performed for the scanner calibration, which provid

the values ependent. o _
In practice, gamut mapping is performed in a color space
{tr = ATL,px} forl<k< M, (14) in which the Euclidean distance has a perceptual meaning,
e.g. CIELab [27]. Other work [28], [29] has noted that a
Again, t;, could represent any colorimetric or device indeMethod that maps to the closest (Euclidean distance) in-
pendent values, not just CIEXYZ. gamut color in a perceptual _color space such as CIELab
The problem is then to determine a mappifig.i,; which prodL_Jces color dn‘f.erences. which are less acceptable than an
is the solution to the optimization problem algorithm that maintains lightness and the hue anfgle-
arctan(b*/a*). Note, however, that hue angle as defined with
M, the ClELab and CIELuv color spaces relates poorly with
Fprint = arg | min Z |F(ci) — i) (15) perceptual hue in certain regions of the color space [30].
F o4 Other work has noted that maintaining chroma is of greater

importance than maintaining lightness [31]. For detailed gamut
where as in the scanner calibration problem, there may bmapping experiments, the reader is referred to [28], [29], [32],
constraints which?,.;,: must satisfy. and [33].
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VII. 1LLUMINATION CORRECTION The profile was created for images recorded as
As previously mentioned, it may be possible to use an d; = NTL,r;. (20)
existing profile that was created for a particular viewing 1 question is what (if any) transformation should be per-
illuminant along with simple transformations to obtain profileg, med on the values. prior to using the mapping. )
for other illuminations. The problem can be defined as folloWg, example, if no transformation is performed anég'ggo
Let the pf?‘f'e for illuminantL,, to be given by the mappings e L, is F2 fluorescent, then the images will appear to
Faevice, F, and D, which implies have a green cast when later viewed. This effect implies that

device?
) an illumination correction on the valuas is needed. In a
manner similar to that in Section VII, the goal is to find a

If the illuminant for which a new profile is desired is giverf@pPPINg 5 such that
by L., then the problem is to find an invertible mappifg Bittum = arg(min E{||B(c) — NTL,r||?}). (1)
such that B

]:de'vice(c) = tLU = ATL,UI‘, (17

In this problem, the variability of may not be as readily
Cittum = arg(min E{||C(tL,) — ATL,,r|?}). (18) used as in the correction of illumination for viewing printed
¢ samples (cf. Section VII) since the digital camera can also

This is a problem in illumination correction which hag€cord emissive sources. Once a mapping is determined, the
been studied [34]. Simple matrix transformations will ofteRrofile for the camera under illuminadt, can be expressed
give acceptable results due to the limited number of cdS Feamera(B(-)).
orants that are used in the printing process [35]. Once the
mappingC has been determined, the new profile is given by IX.
C(Fdﬁ’h‘icﬁ('))’F_l (C_l(')), andD.

device

| MPLEMENTATION CONSIDERATIONS

A. Constraints

The formulation for the scanner calibration and the printer
o o calibration are mathematically similar. In many practical cases,

The calibration of a digital camera can be formulated ifhere are constraints which the mappings should satisfy. For
the same manner as that of a scanner with the additiopghmple, in the printer profile there are several practical factors
problem of a variable recording illuminant. Unfortunatelyg,ch as ink limit and undercolor removal (discussed below)
the illumination under which an image is recorded can vagjat often come into play. These are physical constraints which
among daylight, tungsten, fluorescent, with flash, without flask, st pe considered when constructing LUT’s to map between

etc. Another problem is that the class of reflectance Specif@ printer device control values and a CIE color space.
cannot be readily limited for the camera as they can for the | the case of a printer profile, constraint sets of interest
desktop scanner. For example, the desktop scanner canRf,de the following.

easily calibrated for a particular film/paper type, but the digital
camera will be used for recording images with a more varied
selection of reflectance spectra. Fprint € {G| |G(ei) — il 6 i=1,--- My} (22)

As mentioned, a profile is typically created for one viewing  where§, is a just-noticeable-difference (JND) threshold.
illuminant. While the images that are printed (or displayed « |nklimit:
on the monitor) using data from the camera may be viewed -1
under a single illuminant, the recording illuminant is varying Fprine € LGNGO < dinse Y € G} (23)
for the digital camera from image to image. The problem Whereé;,; is the maximum amount of ink that should be
can be posed as one of determining how to alter the existing Placed on the paper.
profile for the camera based on the illumination under which * Smoothness
the image was recorded. To perform this operation, it is 7., € {G| [[(VG)(C)|| < Ssmootr Y€ E Lprintt  (24)
necessary to determine the illumination under which the image
was recorded [36]-[39]. Once an estimate of the illumination
is determined, the problem of correcting for the recording
illumination can be approached (cf. Section VII). This problem
can be described as follows.

Let there exist a profileF,,mere for the digital camera
for images recorded under illuminaiit, (which is also the
viewing illuminant for the final images). Due to limited
control, an image is recorded under illuminaht giving
recorded values of

VIIl. DIGITAL CAMERAS

e Data consistency

whereV¢ is the gradient of the functio and{2,, .. is
the range of control values for the printer. The motivation
for requiring smoothness is that the underlying physical
reproduction process of the printer is usually well behaved
(if not then creating a mapping can be difficult) and the
solution should be regularized to keep from fitting any
noise introduced from the measurement process or from
printer variability.
In CMYK printers, undercolor removal is a technique in
which the cyan, magenta, and yellow ink amounts are reduced

c; = NTL,r; (19) and blackink is added. Typically, the allowable CMYK values
are restricted since different CMYK combinations could give
at pixelsi = 1,---, M, where the columns olN are the rise to the same CIE XYZ value. This restriction is defined

spectral sensitivity of the camera. by a setd which is itself defined by four curves which map



VRHEL AND TRUSSELL: COLOR DEVICE CALIBRATION 1801

250+~
()
200 _ A
) o
//
Q //
2 1501 R -
> 7 - -
X
g e )
S - -
-— ~
3 - -
=2 7 -
=3 ~ -~
S 100 - . =
rd - -
T f @)
-7 — e
~
P -
50 - PR .
- -
P o
// _'/
-7 -7
P
P
O i L 1 | b
0 50 100 150 200 250
a=min{ c,m,y}
Fig. 1. Undercolor removal curves.
values from[cmy] three-space int@’m’y'k’] four-space. For where P is a mapping from the CIE color space to a
example,H could be defined as space which is perceptually optimal for gamut mapping

(e.g., constant hue and lightness) [29], [40], d@ds in

H ={le+ ge(e);m+ gm(@) y + g,(c), (] the set of all CIEXYZ to CIEXYZ mappings.

a = min(c,m,y)} (25) * Smoothness:
wheree, m,y € [0,255],g:() = fi(«) — «, and the curves
fi(«), for i = (¢, m,y, k) are as shown in Fig. 1. Wit/ Dyamut €{G| (VG)(®)]| <6Vt € Qcrr} (28)
defined, the constraint of undercolor removal is given by

Forint € {GIG™H(t) € HVt € G} (26)  * Fixed points:

In the LUT based profile, the gamut mapping is implicit
in the function which maps from the CIE color space to the
device dependent values. In constructing the LUT, gamut-
mapping considerations can be incorporated as constraints on
the LUT entries. For example, it may be desired that certain
points outside the gamut in the LUT provide maximum col- ) ) )
orant on the paper (e.g., 100% cyan, 0% yellow, 0% magenta, [100.0.0] and maximum ink being mapped to CIELab
0% black). At the same time, one would like to have a [0,0,0].
smooth transition to the in-gamut colors, and a colorimetrically Scanner calibration can also be formulated in this frame-
meaningful way to assign the out-of-gamut colors. Also, recaiork. The primary sets of interest include the following.
that the gamut mapping algorithm may operate on the in-+ Data consistency:
gamut colors to maintain the color variation in the image and
smoothness of the mapping. Note that incorporating the gamut 7, ... € {G| ||G(w;) — t;|| < é,i=1,---,M,}  (30)
mapping into the LUT will force gamut mapping to be image
independent which may be limiting for certain applications.

Constraints of interest in determining the functityq. ..
include the following.

¢ Minimum color error:

Dgarnut S {g|g(tz) =8 1= 17 Ty P} (29)

?

which need to be mapped exactly. Note that common
fixed points include paper white being mapped to CIELab

where there aré® fixed points,{t;},{s;} i=1,---, P,

¢ Smoothness

-’T‘scan S {g| ||(Vg)(ll)|| < 6sm,ooth Yu S Qscan} (31)

Dyamut €{G|6(t) € GG = afg(lrllcin IP(E(t) — P(®)|P) where, ..., is the range of numerical values produced
Vt € Qcrp} (27) by the scanner, an¥ G is the gradient of the functiog.
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B. Color Perception C. LUT Construction

Color is a psychovisual phenomena and is subject to extenfor the construction of a profile LUT, there are two primary
sive processing by the visual cortex. The appearance of a capproaches. The main difference between the two approaches
stimulus is affected by changes in illumination, surroundinig the number of sample measurements required. One approach
colors, etc. In practice, it is necessary to consider these effegs®s a model (e.g. colorimetric or spectral Neugabauer for a
when constructing profiles. For example, a CIELab value pfinter [44]-[47]) to provide a functional mapping from the
[100, 0, 0], which is usually the white point in a profile, shoulddevice control values to CIE colorimetric values. The model
be mapped to the white point of a monitor and the whitearameters, are determined by collecting a few measurements.
point of the printer even if neither the paper or monitor whit&his functional mapping can be used to generate a LUT, which
have a CIELab value 0f100,0,0]. If this mapping is not is inverted and used to print specified in-gamut CIE values.
performed, then the printed image may have an undesired cdlmfortunately, there is no one printer model that works well
cast compared to the monitor, or vice versa. for the large variety of printing processes.

Color perception can be included into the construction of Another approach relies on a very large sampling of the
the profile by performing the transformation to the perceptudévice control values, such that LUT entries can be determined
color space on the measurements from the samples whigh interpolation and extrapolation from the measured values.
are used for the construction of the profile. Typically, &he advantage of this approach is that no physical model is
perceptual color space accounts for white point adaptatioeguired. The disadvantages of the model-free approach are
color constancy, and other viewing conditions. As before, thieat collecting the large number of measurements can be time
patchesp;. are measured using a colorimetric device givingconsuming, and it is difficult to know how to update the LUT

if a minor change in printing conditions occurs (e.g., paper lot
{tx = ATL,py} for1 <k <M, (32) or ink lot changes).

These values are then mapped to the values M(t) X. EXAMPLES
where M maps the CIE values to a perceptual color space

To demonstrate artifacts from gamut mapping and the
such as those found in [41]-[43]. The profile LUT is the g Pping

NCffect from gamut mismatch, an RGB image was created
constructed between the valugs;, = M(t;)} and the device on a monitor. The image, shown in Fig. 2(a), consists of

control valuescy. two figures. One figure is a color wheel which displays

As an example, consider the monitor calibration problené. continuum of RGB values such that one of the values
There is no “viewing illuminant” for the monitor, but if visual

. ) . . _is always zero (e.g.RGB = [0 240 120]). The other
matches are desired with prints that are viewed under vari y (e.g.% [ )

Hluminati L iter the CIE XYZ val re is a series of color bars each of which smoothly step
illuminations, it is necessary to alter the values usegh ) piack, to a primary color (e.g. red, green, blue, cyan,

for the mapping between monitor control values and the Cuﬁagenta, yellow), and then to white. For example, the red bar
device independent space to account for the different viewimle created by stepping through the RGB vector sequence
'"“(r)“'”a“.onsl' his for th . o the (0 0OL[L0O]- - [255 0 0].[255 1 .- [255 255 255]}.

ne simple approach is for the mappirig to scale the The smooth transitions between highly saturated colors make

CIE XYZ. values Sth _that maximum white is mappe_d to thf?‘uese figures ideal for demonstrating gamut mapping artifacts.
white point of the viewing illuminant. Such a process is called A monitor profile was created between the monitor RGB

white point mappingand the reasoning behind it is that th alues and CIELab D50 (i.eFonito. Was created) via
white point is used as a reference by the HVS. Specifica Me procedure described in Section Ill. A dye sublimation

the mapping could be defined by (dye-sub) [48] RGB printer (three-color CMY printer which

accepted RGB input values) was also profiled for CIELab D50
(i.e. J-"J;,ﬁm was created) to printer RGB space. As discussed
in Section V, this profile was created by measuring a series
of color patches with a colorimeter and creating an LUT. Out

of gamut colors were mapped, Vi3, to the closest in gamut

Mx 0 0 t1
My=10 My 0 ||t (33)
0 0 Mz||ts

where value, along a constant hue angle while preserving lightness
in CIELab space. Three different images were printed and are
[Mx, My, Mz] = [Wg/—l, %, %} shown in Fig. 2. The images are as follows:
Xy e a) image created by sending monitor RGB valuag, (1m;,
Wx Xpmax Xemax Xpmax | |1 is the kth pixel RGB value for the image), directly to
Wy | = |Yrmax  Yomax  Ypumax | |1 the printer with no processing;
Wz ZRmax  LGmax  Lpmax | |1 b) image created by sending the valuegl;ém (D
g =pAT],. ((Fmonitor(my))) to the printer;
c) Image created by sending the valueis"];jm(u
L, is the viewing illumination written as a vector artlis ((Fronitor(my))) to the printer, whereld maps
selected so thag = [g1, g2, 93] is within the gamut of the colors outside of the printer gamut to black and is the

monitor. identity operator on the in-gamut colors.
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@)

(b)
©

Fig. 2. Artificial images. (a) Unprocessed image. (b) Corrected image. (c) Out-of-gamut values mapped to black.

As can be seen in Fig. 2(c), there are a significant numb@noothly varying regions [as shown in Fig. 2(a)] are mapped
of colors outside of the printer gamut. In the bar figure db the same area on the gamut boundary. Note also that the
Fig. 2(c), the banding (especially in the yellow bar) indicatemonitor pure red does not map to a pure red on the printer.
that the values are going in and out of the printer gamirhis is often an issue in gamut mapping, and suggests the need
as the monitor device dependent control values are steppedthe use of a constraint such as that given in (29).
from black to a primary color and then to white. In addition, To demonstrate the need for improved color management, an
blocking artifacts are visible in Fig. 2(b) where previouslyriginal (i.e., printed) version of the Lena image was scanned
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(@) (b) ©

Fig. 3. Lena Images. (a) Commonly used image. (b) Corrected image. (c) Unprocessed scan.

190.95.-9 33,101 .0 [44.77. 74 98 28 67| 19.59.-9.87.0.90] [49.01 A1.70,04.40]  [66.75.23.44.50.20] [95.10,-0.02.-0.95]
[37.33.69.37.52.11] [3R.88.78.84,-12.55]  [51.30,-19.96,-32.58]  |67.262898.10.70]  |1180.23.52.48.15]  [48.53.-45.41.-36.05]

Fig. 4. Color squares and their CIELab values for assessing color reproduction accuracy of this issue.

on a desktop scanner. The scanned image will be referredRGB values directly to the printer produces a much different
as the newly scanned Lena image. In addition, a color targetage as shown in Fig. 3(c). One should realize, however, that
was scanned which contained 276 color patches. The tartiet commonly displayed Lena image is just that, a scanned
patches were measured with a colorimeter and a LUT mappiRGB image which is often provided directly as input to the
was determined from scanned RGB values to CIELab D%¥ailable color printer. Comparison of Fig. 3(a) and (c) gives
(i.e. Fsean Was created). For comparison, the commonly usegh indication of the differences in the raw scanner data. The
digital color Lena image was obtained. This will be referrethrge differences between Fig. 3(a) and (c) demonstrate that
to as the standard Lena image. widely different results can occur depending upon how an

The LUT for the dye-sub printer that was used for Examplénage is scanned, processed, and printed. This is a significant
1 was used to map from the CIELab D50 values to printgfoblem when attempting to convey the results of a color
control values. Three images were printed and are shownifflage processing algorithm, and to compare those results with
Fig. 3 for comparison. The images are as follows wHeres  previously archived material. Finally, note that in Fig. 3(b)
the kth pixel RGB value for the standard Lena image &8d the shoulder and arm region of Lena contains minor blocking
is thekth pixel RGB value for the newly scanned Lena imagejrtifacts due to gamut mapping problems.

a) image created by sending the RGB valljeslirectly to In the publication process, the color images in this paper
the printer with no processing; are further processed, which will introduce artifacts and loss
b) image created by sending the valuesf accuracy (due to lack of control, gamut differences, etc).
J—"I;,lmt(D((J-"scan(lsk))) to the printer; To quantify this effect, we have provided an additional image
c) image created by sending the vallsg directly to the containing color squares in Fig. 4. The CIELab D50 values
printer with no processing. are given for each square on the original dye-sub print.

It is worthwhile to compare the Lena images in Fig. 3 witiReaders are encouraged to measure the color squares to test
the images printed in the special issue of tlraNsAcTIONS the reproduction accuracy of the process if they have access to
July 1997 [49, p. 960]. a colorimeter. If not, the measured values after publication are

Fig. 3(a) closely matches those in the special issue, whagailable at ftp://ftp.eos.ncsu.edu/pub/hjt/profile. All images
Fig. 3(b) is a close match to the original printed imagproduced in these examples, data used to create the profiles,
(unavailable to most readers). Simply providing the scannadd the profiles are also available at this location.
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XI. CONCLUSIONS the determination of optimal monitor phosphors, optimal inks

The problem of achieving color management by calibratif@" pripting, and optimal scannin'gl filters for rec_ording images
scanners, monitors, and printers was defined mathematicaljt Will be reproduced on specific output devices.
This lays a framework upon which sophisticated color image Finally, with the gr(_)vvt_h of the world wide web and e-
processing methods may be developed. The ease with whignmerce, the transmission of accurate color over the network

the constraint sets are formulated, as shown in Section IX-ELS\, of interest. In particular, while coding is currently an

demonstrates the usefulness of the framework. The importaﬁggve research area, there is need to determine the optimal

of the problem was made clear by consideration of the Va{glpresenta_\tlons and auxiliary mformaﬂqn, €.g., Viewing |I_Iu-
inant, primary colorant for reconstruction, etc., are required

differences in appearance between images produced by cgh . .
. . or accurate reproduction. The effect of various types of errors
brated and uncalibrated systems. This more formal approac

of producing calibrated color outout should become standary he transmission of color images will affect the profile data
P 9 . S P ; a.t'hat needs to be included with the image data.
procedure when displaying images for the image processing

community.

There still exist many open and interesting problems in color
recording and reproduction. Many of these problems are well
suited for a signal processing approach. For example, with] H. J. Trussellet al, Eds.,IEEE Trans. Image Processing, Spec. Issue

iah-fideli i inti Color Imag., vol. 6, July 1997.
the adve.m of .hlgh_fldellty Six COIOr_ printing processes, the[2] J. B. Cohen, “Color and color mixture: Scalar and Vector fundamentals,”
higher dimensionality of the mapping becomes a problem." color Res. Appl.vol. 13, pp. 5-39, Feb. 1988.

With the use of multiple inks, these printers also introducd3] B. A. Wandell, “Thle synrt]hesis aﬂ\t/i Ianalysis of color imagd&EE

; ; ; ; ; ; Trans. Pattern Anal. Machine Intelivol. PAMI-9, pp. 2-13, Jan. 1987.
an _'”tere_St,'”Q prOblem In t.he_determmatlon of tr?nSformatlon H. J. Trussell and J. R. Sullivan, “A vector-space approach to color imag-
which minimize certain criteria such as cost of ink, total ink,  ing systems,Proc. SPIE: Image Processing Algorithms and Technigues
etc. K. S. Pennington, Ed., vol. 1244, pp. 264-271, 1990.

L. . . EE]] H. J. Trussell, “Application of set theoretic models to color systems,”

Printing processes change over time due to environmental' cgor Res. Appl.vol. 16, pp. 31-41, Feb. 1991.
factors (e.g., temperature, humidity, etc.) and due to dy&] R. L. Alfvin and M. D. Fairchild, “Observer variability in metameric
changes, paper changes, etc. Performing a complete calibration gg'o[);“altg?ﬁsug'r}%ﬁg";gg‘;"md““'o” medigglor Res. Appl.vol.
can be very time consuming. It is of great interest to quickly{7] Int. Color Consort., “Int. color consort. profile format Ver. 3.4,” available

update an existing calibration. Likely approaches include adap- at http://color.org/.

ive filteri | d ial l f .. 18] G. B. Pawle, “Inside the ICC color device profile,” Proc. IS&T/SID
tive filtering, neural nets, and partial sampling. Of course, it i 3rd Color Imag. Conf.: Color Sci., Syst., AppEcottsdale, AZ, Nov.

always profitable to reduce the number of measurements re- 7-10, 1995, pp. 160-163.

; ; ; ; ; i [9] W. B. Cowan, “An inexpensive scheme for calibration of a color monitor
quired for a complete calibration while maintaining accuracy! in terms of standard CIE coordinate<Comput, Graph.vol. 17, pp.

The problem of gamut mapping is far from optimally solved.  315-321, July 1983. _ _
In fact, there is such a variety of devices that each o] R.S.Bems, R.J. Motta, and M. E. Grozynski, “CRT Colorimetry. Part

. . . I: Theory and practice,Color Res. Appl.vol. 18, pp. 5-39, Feb. 1988.
prese_nts its own unique sgt of problems. The ideal .ganWI] ____, “CRT Colorimetry. Part II: Metrology,"Color Res. App].vol.
mapping depends upon the image, the source gamut size, and 18, pp. 315-325, Feb. 1988. _ _ _
the destination gamut size. The viewing intent and preferendéé \S/ia';’éaﬂhivca';{tglaetigﬁ cfg‘;i'or monitors,” M.S. thesis, North Carolina
of the user play a critical role in determining what is optimaki3] G. Sharma and H. J. Trussell, “Figures of merit for color scanners,”

Thus, there does not appear to be a global solution to such IEEE Trans. Image Processingol. 6, pp. 990-1001, July 1997. _

bl [14] P. Vora and H. J. Trussell, “Mathematical methods for the analysis
problems. . . ) . of color scanning filters,"EEE Trans. Image Processingol. 6, pp.
The nonuniformity of CIELab in the blue/magenta region  312-320, Feb. 1997.

roblems with m m in lgorithms th ] G. Shs_arma_, H. J. Trussell, and M. J. Vrhel,, “(_)ptimal nonnegative color
causes p oblems th gamut mapping algo s that UEé scanning filters,"IEEE Trans. Image Processingol. 7, pp. 129-133,

constant hue mapping in this space. Furthermore, the CIE ;54 1998
metrics are based upon matching patches of color, not €] M. J. Vrhel and H. J. Trussell, “Optimal color filters in the presence of

: ~ : noise,”|IEEE Trans. Image Processingol. 4, pp. 814-823, June 1995.
overall appearance of images. Image .based metnc$ arean O[E?]nM. Wolski, J. P. Allebach, C. A. Bouman, and E. Walowit, “Optimization
research area, although not a true signal processing problem. of sensor response functions for colorimetry of reflective and emissive
However, as new error metrics are developed, it is of intere[%] objects,"IEEE Trans. Image Processingol. 5, pp. 507-517, Mar. 1996.

. . . -~ J. B. Cohen, “Dependency of the spectral reflectance curves of the
to incorporate these into the device profiling methods. munsell color chips, Psychronom. Sgivol. 1, pp. 369—370, 1964.

Color image reproduction and recording technology is mo¥49] J. Ho, B. Funt, and M. S. Drew, “Separating a color signal into illumina-

; ; ; tion and surface reflectance components: theory and applicati&i=e’
ing at a rap|d pace. The advent of these new instruments Trans. Pattern Anal. Machine Intellvol. 12, pp. 966-977, Oct. 1990.

provides research opportunities to create accurate color with] M. J. vrhel, R. Gershon, and L. S. lwan, “Measurement and analysis of

these instruments. Color filter arrays and multispectral record- object reflectance spectraZolor Res. Appl.vol. 19, pp. 4-9, Feb. 1994.
. . daliti that L tigati Th[él] B. K. P. Horn, “Exact reproduction of colored image§bmput. Vis.,
INng are new mput moaalities al require investugation. Graph., Image Processvol. 26, pp. 135-167, 1984.

eminent introduction of new display technologies, such @22] P. C. Hung, “Colorimetric calibration in electronic imaging devices

; ; ; ; using a look-up table model and interpolationd, Electron. Imag.vol.
flat panels of various types and micromirror devices, makes 2 pp. 5361, Jan. 1993,

understanding basic calibration requirements very importgpg] H. R Kang and P. G. Anderson, “Neural network applications to the
to achieving the optimal performance from these devices. In color scanner and printer calibrations” Electron. Imag. vol. 1, pp.

. : . 125-134, Apr. 1992.
addition, the design of the instruments presents several pr H. Haneishi, T. Hirao, A. Shimazu, and Y. Mikaye, “Colorimetric

lems requiring signal processing methods. Examples include precision in scanner calibration using matrices, Piroc. 3rd 1S&T/SID
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